To clarify the physical properties of the rock substratum on which algal communities of Eisenia bicyclis and Ecklonia cava are found, studies were conducted on: (i) strata on the coast of the Miura Peninsula; (ii) uniaxial compression strength and erosive potential rate of the substratum; and (iii) bond strength of Eisenia bicyclis classified by location. Sea beds and rock strata lying immediately off promontories and coves with lush algal growth were identified at Bokke-zaki (Misaki Formation: Ms), Jyogashima Island (Hatsuse Formation: Ht), Ara-saki (Ms), Kawajiribana (Zushi Formation: Zs), and Chojyaga-saki (Zs). These have all been verified as belonging to the late Miocene (Miura Group). The compression strengths (kgf/cm 2 ) of rocks at Ms, Zs and Ht were 73.0, 86.2 and 148.9, respectively. Erosive potential rates (%/h) of Ms, Zs and Ht strata were 4.47 ¥ 10 -2 , 3.64 ¥ 10 -2 and 2.09 ¥ 10 -2 , respectively. Bond strengths of Eisenia bicyclis to the substratum (kg) on Ms, Zs and Ht strata were 25.3, 27.4 and 23.1, respectively. Rocks of the Quaternary (Miyata Formation: My) with no algal community were found to be much more brittle than those in the Tertiary period. Conversely, concrete blocks were very rigid, but bond strength of Eisenia bicyclis was as low as 50% compared to Tertiary period rock. It can be seen from the observations above that the geological properties and the nature of the late Miocene rocks are the most favourable substratum for algal communities of Eisenia bicyclis and Ecklonia cava.
INTRODUCTION
It is well established that algal communities of brown algae (e.g. Eisenia bicyclis and Ecklonia cava) play an important role in the generation and maintenance of coastal fisheries resources. Recently, however, the phenomenon termed 'Isoyake' involving the depletion of the algal communities has been seen on various coasts of Japan. Coasts affected by 'Isoyake' have experienced a sharp reduction in production of useful marine organisms with consequent serious losses to the fisheries industry.
For this reason, regeneration of algal communities has been attempted through a variety of procedures (e.g. Kawajiri et al.) . 1 The main procedure to regenerate algal communities is to create new substrata by placing rocks and concrete blocks into the sea. [2] [3] It is reported that seaweeds tend to settle shortly after the substratum is provided, but no regeneration of the communities of large brown algae was observed after 2 to 3 years, and in many cases brown algal communities disappeared. 4 We considered that the loss of algal communities might be caused by the properties of the substrata.
Original Article
Uniaxial compression strength and erosive potential rate of rocks in strata on the coast of Miura Peninsula with specific relation to the algal communities of Eisenia bicyclis and Ecklonia cava and erosive potential rates of rocks. Sample rocks and boulders with approximate dimensions of: major axis, 60 to 90 cm; thickness, 30 to 40 cm, were taken by scuba divers from the sea beds ( Fig. 1 ) lying immediately off Sarushima Island, Bokke-zaki, Jyogashima Island, Ara-saki and Kawajiribana. Sample rocks taken from each stratum were bored to obtain cylindrical test specimens with a diameter of 5.7 cm and lengths of 5 and 10 cm. Uniaxial compression strengths were measured with a precision universal testing machine (DATALETTY 402; Shimadzu Seisakusho Ltd, Japan). The erosive potential rate was used as an index to indicate the erosive potential of sample rocks, defined as the mass of particles proThere are several studies on the relationship between algal communities and the properties of the rock substrata. Fager 5 and Foster 6 show that settlement and growth of giant kelp are good at edges and projections of concrete blocks. Further, Norton 7 shows that there is good growth of giant kelp if the surface of the substratum is rough. Watanuki et al. 8 investigated the relationship between the surface roughness of a rock substratum and the number of adhesions of Eisenia bicyclis, and reaffirmed that the number of adhesions is greater if the surface is rougher. Terawaki 9 and Arakawa and Morinaga, 10 investigated the relationship between the inclination of a substratum and the number of sporeling adhesions of Eisenia bicyclis and Ecklonia cava using field surveys and laboratory experiments. Furthermore, Chen et al. 11 found that there is a correlation between degrees of detrition of substrata and survival rates of Eisenia bicyclis gametophytes. However, there are few studies on the physical properties of substrata suitable for generating algal communities of Eisenia bicyclis and Ecklonia cava.
For this reason, we investigated: (i) the stratum on the coast of the Miura Peninsula where algal communities are formed; (ii) the uniaxial compression strength and the erosive potential rate of rocks in strata capable of forming algal communities; and (iii) the bond strength of Eisenia bicyclis to substrata, thereby clarifying the physical properties of substrata suitable for algal communities of Eisenia bicyclis and Ecklonia cava.
EXPERIMENTAL APPARATUS AND METHODS

Distribution of algal communities and strata
The scope of the survey covered the entire coastal area of the Miura Peninsula (Fig. 1) . In our study on the distribution of algal communities of Eisenia bicyclis and Ecklonia cava, the area and the standing stock of the algal communities were obtained from a report on marine vegetation on the coasts 12 by the Kanagawa Prefectural Fisheries Experiment Station. In addition, assuming that the onshore strata are structurally continuous with offshore strata lying immediately off promontories and coves, the strata shown on the existing geological maps of the Miura Peninsula [13] [14] were taken as the strata in the coastal waters. Superimposing the algal community map on the geological map, the strata on which algal communities of Eisenia bicyclis and Ecklonia cava had formed were determined.
Physical properties of this substrata
Physical properties of substrata were investigated in specific relation to uniaxial compression strengths
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H Arakawa et al. duced by ultrasonic treatment for a day (24 h). Figure 2 shows the testing apparatus used to measure the erosive potential rate. A beaker filled with 500 mL of distilled water was placed in an ultrasonic cleaner (Iwaki Co., Ltd. Tokyo, Japan). A test specimen of rock (5 cm high) was placed in the beaker. After ultrasonic treatment (250 W, 38 kHz) for a day (24 h), the test specimen was removed. The water and the residual sand left in the beaker were filtered (pore size: 0.45 µm, Millipore HA; Nihon Millipore Ltd, Tokyo, Japan), and weighed after drying to measure the particle mass that had undergone detrition. The erosive potential rate was determined using:
where D is the mass of particles eroded from the rock by applying ultrasonic treatment for a day (24 h), S is the initial mass of the test specimen, and t is the experimental period (hours), respectively.
Bond strength
The bond strength of Eisenia bicyclis to the substrata was investigated by scuba divers in situ on the sea beds ( Fig.  1 ) lying immediately off Kurihama, Jyogashima Island, Ara-saki and Kawajiribana on the coast of the Miura Peninsula in June 1997. One end of a steel wire was fixed to a spring scale (maximum measuring capacity: 50 kg), and the other end was fixed to a holdfast of Eisenia bicyclis. (Fig. 3) A diver pulled the spring scale by arm, and the force on the scale when Eisenia bicyclis peeled from the substratum was measured to an accuracy of 0.5 kg. Eisenia bicyclis individuals with a total length of approximately 50 cm were selected. The withdrawn sporophyte was immediately returned to the laboratory and the total length, blade length and holdfast length were measured. The positions of measurements of the sporophytes of Eisenia bicyclis are shown in Fig. 4 .
RESULTS
Correspondence between the distribution of the algal community and strata Figure 5 shows the locations of the rock strata, the distribution of the algal communities of Eisenia bicyclis and of Ecklonia cava on the Miura Peninsula, respectively. The relationship between the stocks of the algal com- munities and the strata is given in Table 1 . The strata of the Miura Peninsula (Fig. 5a ) contain the Hayama Formation (Hy) at the middle of the peninsula, oriented southeastwards, which is at a stage of consolidation that is slightly advanced from the early to middle Miocene of the Neogene Period. On its south side, there is the 476
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H Arakawa et al. On the sea beds lying immediately off promontories and coves on the coast of the Miura Peninsula, algal communities of Eisenia bicyclis ( Fig. 5b ; Table 1 ) were detected at 17 points, and the rock strata included the Misaki Formation (Ms), the Zushi Formation (Zs), the Hatsuse Formation (Ht), the Ikego Formation (Ik), and the Hayama Formation (Hy). The points where the standing stock of the algal communities of Eisenia bicyclis was very high (>5000 g/m 2 ) were Bokke-zaki, Bishamon, and Jyogashima Island, and their strata were the Misaki Formation (Ms) and the Hatsuse Formation (Ht). On the sea beds lying immediately off promontories and coves on the coast of the Miura Peninsula, algal communities of Ecklonia cava ( Fig. 5c ; Table 1 ) were detected at 15 points, and the rock strata included the Misaki Formation (Ms), the Zushi Formation (Zs), the Hatsuse Formation (Ht), and the Ikego Formation (Ik). At these points, the sea bottoms where the standing stock of algal communities of Ecklonia cava were above 5000 g/m 2 were Ken-zaki, Kannonyamahana, Jyogashima Island, Shiraishi, Ajiro-zaki, Ara-saki, and Kawajiribana, and their strata were Misaki Formation (Ms), Zushi Formation (Zs), and Hatsuse Formation (Ht).
In short, high levels of standing stock of the algal communities of Eisenia bicyclis and of Ecklonia cava were found in strata Ms, Zs and Ht. Conversely, no formations of algal community were found for the Miyata Formation (My) of the Quaternary Period.
The strata Ms, Zs and Ht, in which the distribution of a dense algal community was found, were without exception those of the Miura Group of the Miocene.
Physical properties of the substratum
The strata, on which the algal communities of Eisenia bicyclis and Ecklonia cava were mainly found, were those of the Miura Group of late Miocene. Namely, the properties of the rocks of the Miura group can be said to be effective for the formation of Eisenia bicyclis and Ecklonia cava. Rocks have different strengths according to the age of the stratum to which they belong, and this infers that the strengths of rocks are relevant to the formation of an algal community. In this connection, properties of rocks in the strata where algal communities were formed were investigated in terms of the uniaxial compression strength. Table 2 shows compression strengths of rocks in strata Ms, Ik, Zs and Ht where the formation of an algal community is found. Measurements of the compression strength were 73.0 for Ms, 74.8 for Ik, 86.2 for Zs, and 148.9 kgf/cm 2 for Ht. Further, the measured compression strength of rocks in stratum My where no algal community was formed was 36.6 kgf/cm 2 , which is low. In essence, it was revealed that the range of uniaxial compression strengths of substrata suitable for the formation of an algal community is above 73 kgf/cm 2 . Chen et al. 11 demonstrated that detrition of the surface of substrata is a physical property that has a close correlation with the survival rate of Eisenia bicyclis. Hence, the erosive potential rate of sample rocks from each stratum were determined for comparison. In field surveys, individuals with a total length of 50 cm or thereabouts were selected, because the bond strength was considered to be related to the total length of Eisenia bicyclis. 15 Mean values of total length by strata with Ms, Zs, Ht and concrete were 57.0, 54.2, 66.6 and 51.2 cm, respectively, and the sample individuals for Ht were slightly larger than others. Mean values of the major axis of the holdfast with strata Ms, Zs, Ht and respectively. On the other hand, the measured erosive potential rate of the test-fabricated concrete block was 0.4 ¥ 10 -2 %/h or less. Further, measurements for My where no algal community was formed was 5.13 ¥ 10 -2 %/h, which is high. It was revealed that the range of the erosive potential rate of the substrata where an algal community was formed is under 4.47 ¥ 10 -2 %/h.
Bond strength by stratum
The bond strength of large brown algae to the substratum is an important factor in the formation of an algal community, and is considered to be affected by the physical properties of the rock. Table 4 shows the bond strengths for Eisenia bicyclis strata Ms, Zs, Ht and on con-
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H Arakawa et al. where there was no noticeable difference by stratum. It was also verified that there was no difference in appearance between Eisenia bicyclis adhering to natural substrata and concrete. In other words, the cause of the low bond strength with concrete is considered not to be attributable to the growth of the algae but to the properties of the substratum to which the algae adhere.
DISCUSSION
There are reports on the relationship between algal communities and strata. One example is by Foster, 16 who stated that the difference in the formation of an algal community in central California was due to differences in the rock strata. The results of this study clarify that the formation of algal communities of Eisenia bicyclis and Ecklonia cava occur on strata of the Miura Group of the late Miocene.
Strata of the Miura Group can be widely seen in the opposite Boso Peninsula. It is reported that the algal communities of Eisenia bicyclis and Ecklonia cava on this peninsula are located on sea beds lying immediately off Nishi-saki, Hota, Daibusa-misaki and Okinoshima Island. [17] [18] [19] These sea bottoms all belong to the strata of the Miura Group. On the basis of these reports, it is considered that rocks of strata in the Miura Group are suitable for the formation of algal communities of Eisenia bicyclis and Ecklonia cava.
We consider from the above that the nature and the properties of rocks in the Miura Group have positive effects upon the formation of the algal community of Eisenia bicyclis and Ecklonia cava. There are multiple indices to indicate the physical properties of rocks such as strength and hardness. However, it remains unclear what specific properties of rock of the Miura group are essential for forming algal communities.
In this research project, a study was conducted on the physical properties of substrata that are suitable for the formation of an algal community of Eisenia bicyclis and Ecklonia cava, using uniaxial compression strength and erosive potential rate as indices of such physical properties. The results show that the uniaxial compression strength of rocks in the Miura Group where the formation of Eisenia bicyclis and Ecklonia cava was seen was above 73.0 kgf/cm 2 . Koide et al. 20 and Hoshino 21 reported that the measured uniaxial compression strengths of rocks in the stratum of the Tertiary Misaki Formation were approximately 200 kgf/cm 2 at maximum when the confining pressure was one atmosphere. The strengths of rocks serving as substrata for the culture of Eisenia bicyclis and Ecklonia cava are considered to have decreased sharply due to weathering because they are exposed to seawater.
The uniaxial compression strength of rocks in the stratum where formation of an algal community was not seen was 36.6 kgf/cm 2 . In other words, the threshold value for the formation of an algal community is considered to be in the range of 36 to 73 kgf/cm 2 . Chen et al. 11 stated that the survival of Eisenia bicyclis is affected not only by the strength of a substratum but also by the degree of detrition of its surface. In this context, the erosive potential rate was used as an index to represent the amount of erosion to the surface of rocks, considering that erosion of rocks in situ seawater is caused by violent hydrodynamic motions of seawater and cavitation generated during such motions. The index was used in a similar method modeled on ASTMs method applicable to metal detrition due to cavitation. 22 The experimental results of this study show that the erosive potential rate of rocks where algal communities formed was under 4.47 ¥ 10 -2 %/h. In summary, a substratum with a suitable erosive potential rate should be used if a new substratum is prepared in an attempt to encourage the regeneration of a marine forest. Kimura 15 investigated the bond strength to substrata using young sporophytes of Ecklonia cava by type of substratum. He demonstrated that the bond strength ranges from approximately 50 to 400 g within the range of blade lengths from 1 to 18 cm. He also showed that the bond strength differed according to the type of substratum. Comparing bond strength by stratum in this study, it remains almost unchanged in the region of stratum where algal communities are formed, but only the concrete substratum showed markedly lower values. In the absence of any difference in the type of Eisenia bicyclis, the above is considered to have been caused by the properties of substrata. The relation between the roughness of surface as a property of the substratum and the bond strength is the subject for future study.
It is generally stated that the uniaxial compression strength ranges between 200 and 250 kgf/cm 2 for marine concrete. 23 This strength range corresponds to two to three times that of rocks in substrata that are suitable for the formation of an algal community. The erosive potential rate of concrete blocks also corresponds to one-tenth that of rocks of the Misaki Formation. This suggests that concrete algal reefs of conventional manufacture are much harder than available with natural rock reefs. On the other hand, algal communities where standing stock is higher than 5000 g/m 2 was not found for the concrete and Hayama Formation where consolidation is at a mature stage. Too hard a substrata may disturb the formation of algal communities. However, we were unable to reach an accurate conclusion about the least upper limit of value suitable compression strength of the substrata.
It can be concluded from the above that the substrata for the algal communities of Eisenia bicyclis and Ecklonia cava, with uniaxial compression strength above 73 kgf/cm 2 and erosive potential rate under 4.47 ¥ 10 -2 %/h are judged to be suitable for the formation of the algal communities.
Properties of algal community rock strata
FISHERIES SCIENCE
